Puffy skin disease (PSD) is an emerging skin condition which affects rainbow trout, Oncorhynchus mykiss (Walbaum). The transmission pattern of PSD suggests an infectious aetiology, however, the actual causative infectious agent(s) remain(s) unknown. In the present study, the rainbow trout epidermal immune response to PSD was characterised. Skin samples from infected fish were analysed and classified as mild, moderate or severe PSD by gross pathology and histological assessment. The level of expression of 26 immune-associated genes including cytokines, immunoglobulins and cell markers were examined by TaqMan qPCR assays. A significant up-regulation of the gene expression of C3, lysozyme, IL-1β and T-bet and down-regulation of TGFβ and TLR3 was observed in PSD fish compared to control fish. MHCI gene expression was up-regulated only in severe PSD lesions. Histological examinations of the epidermis showed a significant increase in the number of eosinophil cells and dendritic melanocytes in PSD fish. In severe lesions, mild diffuse lymphocyte infiltration was observed. IgT and CD8 positive cells were detected locally in the skin of PSD fish by in situ hybridisation (ISH), however, the gene expression of those genes was not different from control fish. Total IgM in serum of diseased animals was not different from control fish, measured by a sandwich ELISA, nor was significant up regulation of IgM gene expression in PSD lesions observed. Taken together, these results show activation of the complement pathway, up-regulation of a Th17 type response and eosinophilia during PSD. This is typical of a response to extracellular pathogens (i.e. bacteria and parasites) and allergens, commonly associated with acute dermatitis.
Introduction
Puffy skin disease (PSD) is an emerging skin condition, first documented in 2002, which affects farmed rainbow trout, Oncorhynchus mykiss (Walbaum), in England and Wales [1] . The number of cases of PSD has increased considerably from 2006, with 37% of rainbow trout fisheries in 28 different river catchments reporting cases of PSD [1] .
PSD is associated with a very low mortality rate in infected populations [2] , however it can result in economic losses for rainbow trout farms and fisheries due to downgrading of carcasses at slaughter, the need for culling and increased production costs [1] . To date, the disease symptoms have only been documented in rainbow trout, despite infected individuals often cohabiting with brown trout and other salmonid species. Other skin conditions known to affect rainbow trout include red mark syndrome (RMS), first described in Scotland in 2003 [1] and now present in mainland Europe [3] ; and strawberry disease (SD), which was first reported in the United States in the 1980's [4] . There are many similarities between PSD, RMS and SD, but they can be differentiated based on their epidemiological and clinical characteristics. In PSD these include, skin lesions of varying severity, petechiae, loss of skin pigment, loss of appetite, lethargy and a low mortality rate [2] . PSD gross pathology can be described as mild, moderate or severe depending on the percentage of the body surface affected by lesions. The histopathological features of PSD include, epidermal hyperplasia, epidermal spongiosis, oedema of the dermal stratum spongiosum and in some cases mild inflammatory cell infiltrate through the basal epidermis [2] . The distinguishing symptoms of RMS are multiple skin lesions on the flank and/or ventral and/or dorsal surface, while SD manifests as raised lesions on the fish skin. RMS, SD and PSD are all associated with low mortality, however only PSD is associated with loss of appetite or growth [5] .
Experimental transmission of PSD via cohabitation of clinically-affected and naïve rainbow trout has been demonstrated [6] , however, histopathological analysis and high-throughput sequencing analysis of PSD samples were unsuccessful in detecting a causative agent(s) [6] . In contrast, there is evidence that both RMS and SD are associated with a Rickettsia-like organism (RLO) [7, 8] . As the aetiological agent(s) of PSD remain(s) unknown, a host-focussed approach can be employed to further our knowledge of the disease. The generation of the immune response during an infection involves complex pathways which are to some degree influenced by specific pathogen types. Understanding the molecular and cellular aspects of the immune response during PSD can provide an insight into the possible type of causative agent. This approach has been used previously to characterise the rainbow trout immune response to RMS [8] .
The immune response of teleost fish encompasses both the innate and the adaptive systems, which are well evolved and share many aspects of the mammalian immune response. The identification of a potential pathogen can activate the innate immune response triggering the release of effector proteins [9] , causing inflammation, which can lead to clearance of the infection. The adaptive response is activated by specific pathogens and can lead to antibody production by B cells [10] . T-helper (Th) cells are key effector cells of the adaptive response which activate macrophages, cytotoxic T cells and B cells [11] . The Th cell response comprises Th1, Th2 and Th17 cells. Th1 responses are associated with intracellular pathogens including viruses and intracellular bacteria. The transcription factor T-bet is prominent in Th1 responses and induces the production of the key cytokine interferon gamma (IFNγ) [12] . Th2 responses are characterised by the presence of the transcription factor Gata binding protein 3 (GATA3) and the cytokine, interleukin (IL), IL-4. Th2 responses are anti-inflammatory immune responses, most commonly associated with extracellular pathogens and allergic responses [11] . Finally, Th17 responses are associated with extracellular pathogen clearance at mucosal surfaces and are also implicated in autoimmunity and inflammatory disorders. The key cytokines involved in Th17 responses are IL-1β and IL-17 [13] . An additional subset of Th cells, the regulatory T cells (Treg), function to prevent excessive or inappropriate immune responses developing, which could be damaging to the host [14] . The Treg cells are induced by the cytokines TGF-β and IL-2 combined with the transcription factor FOXP3.
The aim of the study was to characterise the epidermal immune responses in rainbow trout to PSD. This was achieved by studying the gene expression of immune-related genes by quantitative real-time PCR (qPCR), histological observations and in situ hybridisation.
Materials and methods

Sample collection
Skin tissue samples were collected from rainbow trout infected with PSD during a PSD transmission challenge which involved the direct cohabitation of naïve rainbow trout with PSD (Trojan) fish, as previously described [6] . Briefly, 39 naïve adult female diploid rainbow trout, reared in-house, were tagged and exposed to PSD by cohabitation with 15 Trojan fish showing clear signs of PSD, in duplicate (300 L) tanks. A third tank, holding 54 tagged naïve adult rainbow trout, reared in-house, were used as a negative control. All tanks were supplied with flow through freshwater (1-3 Lmin -1 ) and were maintained at 15 ± 1°C and ≥6.5 mgL −1 of dissolved oxygen. Ammonia and nitrite residues were undetectable. A total of 54 fish were selected for gene expression studies following gross pathology and histology examinations and classified into 4 groups. The mild group, consisting of 10 naïve fish in an early stage of the disease, were sampled at 2 weeks post challenge (wpc). The moderate group, consisting of 17 naïve fish showing moderate PSD lesions were sampled at 3 wpc. The severe group consisting of 17 Trojan fish displaying severe PSD. Finally, the control group, consisting of 10 negative control naïve fish. PSD severity was determined using the time of sampling, the case definition [2] , gross pathology examination and histology assessment (Fig. 1) . Any fish showing secondary infections were not selected for the study. Fish were euthanised humanely according to UK Home Office Procedures, by concussion followed by destruction of the brain. Samples of the skin showing PSD were taken in duplicate: one set of samples was stored in RNAlater ® (Thermo) at −80°C for molecular studies and the other set was preserved in 10% neutral buffered formalin and processed for histology using standard protocols. Skin sections were cut at 3-4 μm thickness and stained with haematoxylin and eosin (H&E). Sequential sections, mounted on polysine-treated slides (Sigma-Aldrich), were used for in situ hybridisation (ISH) as described below. Skin sections were evaluated using a Nikon N80i microscope. Blood samples were collected from the caudal vein of the fish, centrifuged at 1500 ×g for 10 min and the serum was collected and stored at −80°C.
Taqman real-time qPCR
Total RNA was extracted from sections of fish skin using the Qiagen Bio Robot EZ1 and EZ1 RNA Tissue Mini kits (Qiagen). Genomic DNA was removed using DNase (Promega), following the manufacturer's protocol. The concentration and purity of RNA was measured TaqMan qPCR assays were performed to measure the expression of 26 immune-associated genes. Primers and probes were described elsewhere, or de novo designed using Primer Express ® v3.0 software (Thermo) ( Table 1 ). The reactions were prepared in a 96 well plate and contained 2 μL of cDNA, 10 μM of forward and reverse primers, 5 μM of probe in a total volume of 20 μL with the TaqMan ® Universal PCR Master Mix (Applied Biosystems). The reactions were run on a StepOnePlus ™ Real-Time PCR System (Life Technologies™) at 50°C for 2 min followed by 95°C for 10 min then 40 cycles of 15 s at 95°C and 1 min at 60°C. Elongation factor 1 alpha (EF1α) was used as a reference gene. The relative gene expression was calculated using the 2 -ΔΔCT method [15] . The data points were grouped according to PSD severity and input into REST 2009 (v2.0.13) [16] , to identify genes that were significantly differently expressed between subgroups (p < 0.05). The data was visualised using a heat map, generated using gplots (v3.01) in R (v3.4.0) (R code in S1) [17] .
Eosinophil cell count
The number of eosinophil cells were counted in H&E stained sections of fish skin tissue. Three fish from each of the following five groups were selected: negative control fish from 3 to 7 wpc, naïve fish in cohabitation with Trojan fish at 3 and 7 wpc and showing moderate PSD lesions, and Trojan fish with PSD lesions. Skin sections were evaluated using a Nikon N80i microscope at 40x magnification. From each skin section, three fields of view were selected at different locations along the skin section and the number of eosinophil cells counted. A Tukey post-hoc test was carried out using R (v3.4.2) [17] to calculate significant differences in eosinophil counts between groups (p < 0.05).
Generation of a dig-labelled IgT ssDNA probe
A PCR-derived ssDNA probe was generated by asymmetric PCR [18] . Briefly a 192 bp fragment of the rainbow trout IgT heavy chain gene (Genbank no. AY870266.1) and 262 bp fragment of the rainbow trout CD8 alpha precursor (Onmy-CD8α) gene (AF178055) were amplified by PCR using the following primers: IgT-forward (5′-CTGACGG TGACTCTGAACCC -3′), IgT-reverse (5′-GCTGTTCAGGTTGCCCT TTG-3′); and CD8-forward (5′-CGTCTACAGCTGTGCATCAATCA-3′), CD8-reverse (5′-GGTTGTGGTCATTGGTGTAGTC-3′) [19] . PCR reactions were performed in a 50 μL reaction volume consisting of 1× GoTaq ® flexi buffer (Promega, UK), 2.5 mM MgCl 2 , 1 mM dNTP mix, 50 pmol of the forward and reverse primers, 1.25 units of GoTaq DNA Polymerase (Promega, UK) and 2.5 μL of cDNA from a PSD fish, obtained as described above. The reaction mix was overlaid with mineral oil and after an initial denaturing step at 95°C for 5 min, was subjected to 35 temperature cycles of 1 min at 95°C, 1 min at 55°C and 1 min at 72°C, followed by a final extension step of 10 min at 72°C, in a PTC-225 Peltier thermal cycler (MJ Research, Canada). PCR products were visualised on 2% agarose gels stained with ethidium bromide. PCR products were then purified using GENECLEAN ® (Anachem, UK).
A Dig-labelled ssDNA probe was obtained by an asymmetric PCR reaction as described above but adding 10 μL DIG-labelled dNTPs (Sigma), 2.5 μL of the purified IgT PCR band as DNA template, and 1 μL primer (10 μM), either forward, to generate the sense strand, or reverse, for the antisense strand. The generation of a ssDNA product was confirmed by S1 Nuclease (Promega) which degrades ssDNA, but dsDNA stays intact. The nuclease reaction was set up to give a total reaction volume of 30 μL with 6 μL reaction buffer, 3.9 μL water, 0.1 μL S1 Nuclease and 20 μL asymmetric PCR product. The reaction was incubated at room temperature for 30 min, then 1 μL of stop solution was added and incubated at 70°C for 10 min. The product of the nuclease reaction was visualised on a 2% agarose gel.
In situ hybridisation (ISH)
Skin samples were taken from fish with moderate and severe PSD, with distinct PSD histopathological symptoms, and negative control fish. The tissue sections were prepared and fixed using standard protocols. The ISH was carried out as described previously [20] with some modifications. The sense and antisense DIG-labelled probes were diluted 1:2 in hybridisation buffer [5 ml formamide (Sigma), 2 ml dextran sulfate (Sigma), 2 ml 20X SSC buffer, 250 μl yeast tRNA (Thermo Fisher Scientific) and 200 μl 50X denhardt's solution (Thermo Fisher Scientific)], and added to each slide. The target RNA on the slide was denatured by incubating at 65°C for 5 min. The hybridisation was carried out overnight at 42°C. The post hybridisation washes and blocking steps were carried out as previously described [20] . Tissue sections were incubated with anti-DIG monoclonal antibody conjugated to alkaline phosphatase (Roche) for 1 h. Specific probe binding was visualised by adding NBT/BCIP (Roche). Nuclei were counterstained with Nuclear Fast Red (Vector). Tissue sections were dehydrated and mounted with cover slips and mounting medium (Entellan, Merck). Following hybridisation, the slides were viewed using a Nikon Eclipse E800 microscope.
ELISA
A sandwich enzyme-linked immunosorbent assay (ELISA) was used to quantify the total serum IgM concentration in PSD infected fish. The protocol was adapted from previously published work [21, 22] . Briefly, a 96 well plate (high binding Costar, Corning) was coated with 10 μg mL −1 mouse-anti-rainbow trout IgM monoclonal antibody (Aquatic Diagnostics Ltd.) in carbonate buffer (0.1M NaHCO 3 , 0.1M Na 2 CO 3 , pH 9.6) overnight at 20°C. The plate was incubated with blocking solution [5% semi-skimmed milk (Sigma Aldrich) in 0.05% Tween20 PBS (PBST)] for 1 h. The serum from six fish from each of the following groups; negative control, mild PSD and severe PSD, and four fish with moderate PSD, was diluted at 1:5, 1:10, 1:20, 1:40, 1:80 and 1:160 in PBS and was added to the plate, which was incubated at 37°C for 1 h. Each sample was tested in duplicate. The plate was then washed three times with PBST and incubated with 50 μL of mouse-anti-rainbow trout IgM monoclonal antibody at 37°C for 1 h. After washing the plate, the conjugate antibody, 1:10000 dilution of anti-mouse IgG-HRP (Sigma-Aldrich) in blocking solution, was added at 37°C for 1 h. The plate was washed three times and incubated with 100 μL chromogen 3′3′5′5′-Tetramethylbenidine dihydrochloride (TMB) (42 mM) in 0.1 M Phosphate/Citrate buffer (Sigma-Aldrich) for 15 min in the dark at room temperature. The reactions were stopped by adding 50 μL of 10% sulphuric acid to each of the wells. The absorbance at 450 nm was read on the OpsysMR plate reader (Dynex Technologies) and an average for each sample was calculated. A T-test was used to calculate any significant (p < 0.05) difference in serum IgM levels between the negative control fish and the PSD infected fish of differing severities.
Results
Gene expression of immune associated genes
The expression of 26 immune associated genes in PSD-affected skin tissues was quantified using qPCR analysis and compared against the gene expression of negative control fish (Fig. 2, S2) . Genes encoding IL-6, IL-10, IL-1β, major histocompatibility complex I (MHCI), IL-17 and lysozyme showed a pattern of up-regulation as the severity of PSD increased, however large variations in expression of these genes were observed between samples from fish with similar clinical PSD severity. Despite these variations, IL-1β was significantly (p < 0.05) up-regulated in both moderate and severe (Trojan) PSD fish. Complement component 3 (C3) was significantly up-regulated in mild and moderate PSD fish and lysozyme and T-bet were significantly up-regulated in moderate PSD fish, with the severe (Trojan) PSD fish showing large variations in gene expression. MHCI was significantly up-regulated only in severe PSD fish. IgM expression showed a pattern of up-regulation in moderate PSD only, but this was not significant. The genes encoding Mx, CD4, CXCR3, CD8, CD83, iNOS, GATA3 and TNFα remained relatively unchanged. The expression of the gene encoding TLR3 was significantly down-regulated in moderate and severe PSD fish, while TGFβ was significantly down-regulated in all three PSD groups. The genes encoding IFNγ, viperin, and IL4/13A appeared to become increasingly down-regulated as the severity of PSD increased but this was not significant due to large variations in expression.
Infiltration of epidermal melanocytes, lymphocytes and eosinophils
The distribution and appearance of dendritic melanocytes were compared between control and PSD fish. Melanocytes showed a normal distribution under the basal membrane of the epidermis of control fish (Fig. 3A) . In contrast, in PSD fish an infiltration of dendritic melanocytes was commonly observed in moderate and severe stages of the disease (Fig. 3B) . In severe PSD, a mild diffuse lymphocytic cell infiltration with minor granulocyte and neutrophil cell involvement was occasionally observed in the epidermis of some individuals (Fig. 3C) .
Eosinophil cells were present in both control and moderate PSD fish. However, a significant increase in the number of eosinophil cells between the negative control fish and the naïve fish with moderate PSD was observed at 3 weeks (p < 0.001) and 7 weeks (p < 0.00001) postchallenge. There was also a significant increase in the number of eosinophil cells between the naïve infected fish at 7 wpc and the Trojan fish with severe PSD (p < 0.0001) (Figs. 3D and 4 ).
Detection of CD8α and IgT positive cells in puffy skin
CD8α positive (+ve) cells were scarce and only seen sporadically on severe PSD lesions (Fig. 5A ). CD8α +ve signal occurred on dendriticshaped cells located in the epidermis. CD8α +ve cells were not found in the epidermis of negative control fish. Black granules of melanin pigment were observed around those CD8α +ve cells.
IgT + ve cells were found randomly distributed in the epidermis of some PSD fish displaying severe skin lesions (Fig. 5B) . The IgT + ve cells were relatively large and round. No IgT + ve cells were stained in negative control fish.
IgM concentration in serum samples
The total IgM levels in serum of the diseased fish was quantified using a sandwich ELISA. Overall there was no significant difference (p ≥0.05) in serum IgM levels between PSD infected fish and negative control fish, or between fish of varying PSD severities (Fig. 6 ).
Discussion
This is the first comprehensive study of the epidermal immune response to PSD. A general up-regulation of the immune response and correlation with histopathology examinations have provided a greater understanding of the immune response to PSD, although some aspects remain unclear.
qPCR analysis was used to determine the pattern of gene expression of immune-related genes. The complement component C3 was significantly up-regulated in mild and moderate PSD fish. The C3 protein plays a central role in the activation of the complement system through the classical and alternative pathways, enabling clearance of the pathogen by the host. In mice subjected to skin sensitization, C3 played a critical role in both Th1 and Th2 responses to an antigen, coupled with infiltration of eosinophils and expression of IL-4 [23] . In fish, C3, along with other complement components, has been shown to be significantly up-regulated in the skin of zebrafish following infection with the bacterium Citrobacter freundii [24] , suggesting an important role for complement in mucosal immunity to bacterial pathogens. Complement activation has also been shown to occur in atopic dermatitis in humans [25] .
Significant up-regulation of lysozyme was also observed as the severity of PSD increased. Lysozymes are glycoside hydrolases which damage bacterial cell walls [26] and are abundant in mucosal secretions, this correlates with the characteristic mucus production observed around PSD lesions. A 6-fold increase in lysozyme gene expression was observed in the skin of rainbow trout infected with Ichthyobodo necator [27] , suggesting a role for lysozyme in the clearance of extracellular parasites as well as bacteria. The transcription factor T-bet was found to be significantly up-regulated in fish with moderate PSD. The primary function of the transcription factor is to induce IFNγ expression during a Th1 response, however T-bet expression has also been described during autoimmune reactions [28] .
The immune cell receptor MHCI was significantly up-regulated only in severe PSD fish, which indicates activation of a cell mediated response in those fish. Activation of the adaptive immune response induced by skin ectoparasites has also been described in white spot disease caused by Ichthyophthirius multifiliis [29] . This suggests MHCI is not only important for activating the immune system by displaying peptides from intracellular pathogens but also extracellular pathogens.
In addition to the up-regulated genes, TLR3 and TGF-β, were found to be significantly down-regulated during PSD infection. TLR3 is found on the endoplasmic reticulum of antigen presenting cells and recognises double stranded RNA. The main function of TLR3 is to detect viral infections, significant up-regulation of TLR-3 is observed in infectious pancreatic necrosis virus infection [30] . The down-regulation of TLR3 coupled with down-regulation of viperin, an anti-viral protein, may suggest there is no viral infection associated with PSD. The lack of activation of the Th1 response pathway, typically associated with intracellular pathogens, in samples from fish affected by PSD, further indicates that PSD is not associated with a viral infection. The downregulated cytokine TGF-β is involved in a Treg response and is important for maintaining immune tolerance [31] . Down-regulation of TGF-β in PSD fish corresponds with the mild inflammatory response observed in histological examination of PSD tissue. The opposite trend is observed in rainbow trout infected with the ectoparasite Gyrodactylus derjavini, which produces an inflammatory response and the expression of TGF-β increases 8 to 10 times compared to negative control fish [32] .
The pro-inflammatory cytokine IL-1β was increasingly up-regulated as the severity of PSD increased. IL-1β induces expression of MHCII in macrophages, which in turn can significantly affect gene expression for several genes and can also stimulate phagocytosis [21] . IL-1β has also been shown to promote Th17 differentiation of T-cells which can induce a Th17 type immune response [33] . A Th17 type response is typical of autoimmunity and the clearance of extracellular bacteria and fungi at mucosal surfaces [13] . The presence of a Th17 phenotype during PSD infection may suggest an extracellular pathogen is involved, however, no infectious agent has yet been identified. Alternatively, the Th17 phenotype could be indicative of a hypersensitivity reaction, suggesting PSD is a contact dermatitis triggered by an unknown antigen.
The master regulator of Th2 responses is the transcription factor GATA3, which induces transcription of the genes encoding the Th2 cytokines IL4, IL-1 and IL-5 [34] . IL4 is the key effector and promoter cytokine of the Th2 response, it supresses the development of Th1 and Th17 cells. Recently, three IL4/13 cDNA sequences have been identified in rainbow trout: IL4/13A; IL4/13B1 and IL4/13B2 which all showed distinct patterns of expression and modulation [35] . IL4/13A expression was constitutively high but less responsive to pathogen associated molecular patterns (PAMPs), in contrast to IL4/13B1 and IL4/13B2 expression levels, which were constitutively low but highly induced by pathogen challenge. In the present study only the IL4/13A gene expression was interrogated by means of a qPCR assay. The IL4/13A gene expression in PSD fish was not significantly different from the control fish. A Th2 response in salmonid parasitic infections has been suggested for amoebic gill disease, caused by the amoeba Paramoeba perurans which induced significant up-regulation of both isoforms IL4/13A and IL4/13B2 in infected gills of Atlantic salmon [36] . Similarly, the flagellate parasite I. necator in juvenile rainbow trout, induces mucous cell exhaustion and skin hyperplasia and up-regulation of IL4/13A and GATA3 [27] . In PSD fish, there was no evidence of up-regulation of GATA3 or IL4/13A, suggesting no activation of a Th2 response.
The fish selected for the gene expression studies had no evidence of secondary infections, based on histological examinations and bacteriology screens. However, the presence of secondary infections could not be completely ruled out. Damaged epithelium associated with PSD may make fish more susceptible to secondary infections with other qPCR analysis provided important insights into the general immune gene expression pattern of rainbow trout during PSD infection, however there was variation observed between individuals resulting in a high standard deviation. Variation in gene expression between fish has been widely reported, with up to 48% of genes being differentially expressed in the teleost fish Fundulus heteroclitus from three different populations [37] . This is important to note when analysing the data from the Trojan fish, which were taken from external sites, whereas the negative control and naïve fish were reared in house. Although the naïve infected and Trojan fish show similar patterns of gene expression, the variation that was observed may be unrelated to PSD. However, up to 18% of genes have been found to be differentially expressed in teleost fish from the same population [38] , which could contribute to the variation observed between individual naïve fish reared in house. Specifically, immune gene expression in different areas of the same, non-diseased rainbow trout can be significantly different [39] . These naturally occurring variations could have affected the overall gene expression patterns observed in this study. However, PSD lesions are characteristically found in the middle of the flank around the lateral line where there is known to be less transcription of T cell related factors [39] . Variation was minimised as far as possible by using negative control fish and naïve challenged fish from the same population and by using at least ten fish per study group to limit the effect of outliers.
qPCR analysis provided key insights into the initiation of the immune response to PSD by studying gene expression. This provided evidence for the induction of a Th17 type response, however, not all mRNA is translated into functional protein, so it may not provide a wholly accurate picture of the immune response. Coupling the gene expression studies with histology examinations to quantify eosinophils gives a further level of detail and understanding of the immune response.
The highly significant increase in the number of eosinophil cells observed in PSD affected fish, compared with negative control fish, strengthens the argument for a Th2 or Th17 type response. Eosinophils enter tissues infected with helminths or tissue suffering from allergic inflammations to provide an immune response [40] . Eosinophils have been observed in the early stages of infection and are thought to play a role in the initiation of a Th2 response [41] . Th17 lymphocyte mediated activation of eosinophils, via differential cytokine regulation, involving IL-1β, IL-6, TNF-α, IL-5 and IL-17, has also been described [42] . Many type IV hypersensitivity reactions are mediated by Th1 cells, however there are subsets of hypersensitivity reactions which are driven by Th2 cells, IL-4 and eosinophil cells [43] . This type of hypersensitivity reaction may be occurring during PSD infection as eosinophils migrate to the affected area, but the potential antigen(s) stimulating this response remain(s) unidentified.
The immune response in rainbow trout to I. necator, was shown by immunohistochemical and gene expression studies to have a Th1/Th2 like switch [27] . There are shared histopathological features between PSD and I. necator infections, particularly vacuolation of epidermal cells. However, tissue from PSD affected fish showed no evidence of upregulation of the Th1 or Th2 pathways. RMS, another skin disorder of rainbow trout of unknown aetiology, causes lesions not dissimilar to those of PSD. A gene expression study of tissue from RMS affected fish showed a strong inflammatory response through up-regulation of Th1 and Treg pathways and a repression of Th2 and Th17 pathways [8] . The opposite was observed in fish affected by PSD as the Th1 and Treg pathways were down-regulated and Th17 was potentially up-regulated. Following the initial outbreaks of PSD in the UK it was hypothesised to be a form of RMS, but this study strongly suggests that RMS and PSD are two distinctly different diseases, most likely caused by different pathogens. Histopathology showed distinctly different features between PSD and RMS [6] . In PSD, a diffuse infiltration of lymphocytes and neutrophils in the epidermis was observed only in severe lesions. The mild lymphocytic infiltration in PSD lesions contrasts with the strong lymphocytic infiltration on the stratum spongiosum, marked infiltration in the epidermis and necrosis of the loose connective tissue reported in RMS lesions [8] .
An infiltration of dendritic melanocytes has been observed in the epidermis of moderate and severe PSD lesions. In zebrafish skin, a recruitment of melanocytes and melanoblasts to wound sites has been shown after the initial recruitment of innate immune cells, suggesting that melanocytes may play an antimicrobial role in the skin [44] . Melano-macrophage-like centres have been associated with late stages of the chronic inflammatory response to severe tissue damage elsewhere in the body [45, 46] .
CD8α is a marker for putative cytotoxic T cells. T lymphocytes only recognise antigens when exposed in the context of an isogenic MHC, either class I or II. CD8 molecules act as co-receptors on the T cell receptor, stabilising the interaction with the MHC. Recent studies have shown that T cells are not homogeneously distributed throughout the rainbow trout skin, with a higher concentration of CD8 + T lymphocytes present in anterior skin sections [39] . In the present study, tissue sections of the PSD lesions were mainly taken from the centre of the flank. CD8α +ve cells were observed in low numbers on the epidermis of Fig. 6 . Detection by a sandwich ELISA of total IgM concentration in serum samples of negative control fish (n = 6) and fish with mild (n = 6), moderate (n = 4) and severe (n = 6) PSD. Serial sera dilutions from 1:5 to 1:160. Each point represents the average ( ± standard deviations SD) of absorbance from each group.
severe lesions. However, the gene expression pattern demonstrated a down-regulation of expression of CD8α as the severity of the lesions increased. Using immunohistochemistry (IHC) CD8α +ve lymphocytes have been shown in rainbow trout epidermis infected with I. necator [27] and in gills infected with I. multifiliis [47] , in both cases showing a declining pattern of CD8α cell density during the course of the infection. Dislocated granules of melanin pigment exposed during antigen retrieval were also reported to be associated to those CD8α +ve cells [27] . In the same context, melanin pigment granules were observed around CD8α +ve cells in PSD. Interestingly, the CD8α +ve cells observed on PSD lesions were dendritic-shaped cells rather than lymphocyte-like. Epidermal Langerhans cells (LC) are the dendritic cell variant in the epidermis. In mice, activated CD8α +ve LC are potent antigen presenting cells (APC) during their migration from the skin to the spleen. LC-like cells have been identified in the gills of channel catfish, Ictalurus punctatus [48] , in the epidermis of the giant mudskipper, Periophthalmodon schlosseri [49] and in inflammatory lesions in rainbow trout displaying microsporidial gill disease [50] . The presence and function of LC in the epidermis of PSD requires further investigation. PSD presents as an acute dermatitis in rainbow trout [1] . The skin of fish is an important mucosal lymphoid organ with the presence of immunoglobulins [51] . Specific antibodies can be generated in the skin without necessarily generating a systemic response [52] . In humans, the immune response associated with atopic skin diseases involves mainly a humoral, IgE-mediated response, associated with a cellmediated immunological response against many kinds of exogenous and endogenous factors [25] . In teleost fish, three immunoglobulin classes, IgM, IgD and IgT, have been described, where IgT has been suggested to play a key role in mucosal immunity [53, 54] . In the present study, IgT expression was studied by means of mRNA ISH and qPCR. Despite the observation of IgT + ve cells in the epidermis of some severe PSD fish, the gene expression of IgT was not significantly different from control fish. In rainbow trout infected with I. multifiliis, IgT + ve cells were observed after challenge with the ciliate parasite [47] . In the same study, although IgT showed a pattern of up-regulation, it was not significantly different from control fish. However, IgT significantly increases after immunisation with live theronts and challenge [29, 47] . In skin epithelium infected with the flagellate I. necator, IgT was not differentially expressed from control fish nor were IgT + ve cells observed by IHC [27] . The present study suggests that the immunoglobin IgT does not play a role in the immune response to PSD.
The immunoglobulin IgM responds to pathogens both in systemic and mucosal compartments [55] . The ELISA showed no significant increase in serum IgM levels between fish with PSD of different severity, suggesting there is no marked systemic immune response during PSD [56] . In the skin sections, although the IgM gene expression showed a strong pattern of up-regulation as the severity of the lesions increased, it was not significantly different from control fish, mainly due a large standard deviation within the group. The absence of a local IgM humoral response has been reported in Atlantic salmon, where IgM + ve cells were not found in hyperplastic lesions associated with amoebic gill disease (AGD) but were found in blood vessels on the sections [36] . Equally, in rainbow trout, IgM + ve cells were found on gill arterioles and lamellar capillaries but not in the gill epithelium infected with I. multifiliis. In the skin epidermis, IgM was significantly up-regulated only after immunisation [47] . In contrast, a significant increase of IgM + ve cells, as well as significant up regulation of IgM gene expression have been reported in rainbow trout skin infected with I. necator [27] .
Conclusion
This is the first study of the immune response in fish affected by PSD. It has shown that PSD induces changes in gene expression of immune associated genes in the skin, namely down-regulation of the Th1 and Treg responses. There was no up-regulation of key Th2 cytokines and transcription factors. However, there was a pattern of up-regulation of the Th17 promoter and associated effector cytokines, IL-1B and IL-17, coupled with skin eosinophils. In addtion, a strong up-regulation of complement C3 and the antibacterial protein lysozyme seem to indicate that they play a role in the immune response to PSD. Activation of the Th17 pathway and complement can result in an acute atopic dermatitis in the skin. A Th17 response suggests an extracellular pathogen(s) could be the causative agent of PSD, or that PSD is the result of a hypersensitivity reaction to a pathogen toxin. The identification of key response elements to PSD can facilitate the development of immunological interventions for PSD to reduce the impact of the disease. A comparison of the immune response in rainbow trout affected by PSD to the immune response in rainbow trout affected by similar skin conditions highlights that PSD induces a unique response and is therefore different to other skin conditions.
